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DRIVING METHOD FOR ELECTRON-EMITTING DEVICE , DRIVING 

METHOD FOR ELECTRON SOURCE, MANUFACTURING METHOD FOR 

ELECTRON SOURCE, AND IMAGE DISPLAY APPARATUS 

BACKGROUND OF THE INVENTION 

Field of the invention 

f 

The present invention relates to driving methods 
for electron-emitting devices using carbon fibers, 
driving methods for electron sources, manufacturing 
methods for electron sources, and image display 
apparatus. 

Description of the related art 

Field emission types (hereinafter referred to as 
"FE type(s)") of electron-emitting devices have 
heretofore been known. 

Examples of the FE types of electron-emitting 
devices are described in J. Appl. Phys . Vol. 47, No. 
12, p. 5248 (1976) and others. 

Fibrous carbon materials (carbon fibers) having 
nano-sized diameters, such as carbon nanotubes, have 
recently attracted attention as electron-emitting 
materials for the FE types. 

Carbon nanotubes themselves are described in, 



for example, Nature, 354, (1991) 56. Aggregates of 
carbon fibers are described in, for example, JP-A- 
2000-095509 and Appl. Phys . Lett., Vol. 76, No. 17, pp. 
2367-2369 (2000) . 

The techniques of using carbon nanotubes as 
electron-emitting materials for the FE types of 
electron-emitting devices are described in, for 
example, NIKKEI MECHANICAL, 2001. 12, No. 567, Appl. 
Phys. Lett., Vol. 81, No. 2, pp. 343-345 (2002), USP 
5,773,921, USP 6,645,028, USP 5,872,422 and USP 
5,973,444. 

In addition, for example, image display- 
apparatuses, image forming apparatuses, image 
recording apparatuses, electron and ion beam sources 
have been researched as applications of an FE-type 
electron-emitting device which uses an aggregate 
(bundle) of a plurality of carbon fibers as its j 
electron-emitting member. j 

As one of applications of such electron-emitting 
devices to image display apparatuses in particular, 
research has been conducted into an image display 
apparatus which uses in combination electron-emitting 
devices and phosphors serving to emit light by 
irradiation with electron beams. 

By way of example. Fig. 23 shows a multi- 
electron source in which a multiplicity of FE-type 
electron-emitting devices are two-dimensionally 



arranged and these devices are wired in matrix form. 

In Fig. 23, reference numeral 4001 denotes 
electron-emitting devices, reference numeral 4002 
denotes row wirings, and reference numeral 4003 
denotes column wirings. Actually, the row wirings 
4002 and the column wirings 4003 have finite 
electrical resistance. However, in Fig. 23, the 
electrical resistance of the row wirings 4002 is showr 
as electrical resistance 4004, while the electrical 
resistance of the column wirings 4003 is shown as 
electrical resistance 4005. This wiring method is 
called ^matrix wiring". For the convenience of 
illustration, a matrix of 6 x 6 is shown in Fig. 23, 
but the scale of the matrix is, of course, not 
limitative. For example, in the case of a multi- 
electron source for an image display apparatus, tens 
of thousands to tens of millions of devices which are 
sufficient to provide the desired image display are 
arranged and wired. 

SUMMARY OF THE INVENTION 

In the case where an aggregate of a plurality of 
carbon fibers (a carbon fiber bundle) is employed as 
the electron-emitting material of one FE-type 
electron-emitting device and this electron-emitting 
device is driven, the temporal stability of its 



electron emission characteristic is affected by the 
non-uniformity of the shapes of the respective carbon 
fibers. 

In general, since electric fields easily 
concentrate at carbon fibers of small diameter, large 
electron emission can be obtained from such carbon 
fibers, whereas the carbon fibers greatly degrade with 
the lapse of time- In the case where an aggregate of 
carbon fibers is used as an electron-emitting material, 
at a constant voltage driving, thinner fibers degrade 
faster with time, so that the amount of emission 
current of the entire aggregate becomes gradually 
smaller. For this reason, the electron emission 
characteristic of an aggregate of carbon fibers (a 
carbon fiber bundle) having non-uniform diameters 
become unstable. In addition, the non-uniformity of 
the shapes of carbon fibers will cause not only 
temporal instability of driving but also the non- 
uniformity of electron emission in a plane where 
carbon fibers are formed. 

The non-uniformity of the shapes of carbon 
fibers in the aggregate of carbon fibers denotes not 
only the non-uniformity of the diameters of carbon 
fibers in the aggregate but also the non-uniformity of 
all shapes and forms associated with electron emission, 
such as the length of carbon fibers .and the si2e of 
each stacked graphite sheet on which one graphite 



nanofiber is formed. 

However, even if narrowed diameter distribution 
in aggregates of carbon fibers is realized, it is 
difficult to satisfactorily control the non-uniformity 
of the lengths of carbon fibers, and further, the non- 
uniformity of the size of each graphite sheet which 
constitutes a carbon fiber. 

In the case where electron-emitting devices each 
having the above-described aggregate of carbon fibers 
are used in an image display apparatus, each of the 
electron-emitting devices is required to maintain 
uniform and suitable brightness and contrast for a 
long time. 

To realize this feature, each of the electron- 
emitting devices is required to emit at least a 
constant number of electrons for an expected length of 
time by restraining a temporal decrease in the number 
of electrons to be emitted from each of the electron- 
emitting devices. 

Therefore, it is necessary to eliminate the non- 
uniformity of all shapes of carbon fibers in an 
aggregate of carbon fibers, which is a cause of the 
non-uniformity of electron emission. However, at 
present, it is difficult to eliminate the non- 
uniformity of all shapes in the process of 
manufacturing aggregates of carbon fibers. 

Accordingly, there is a demand for an art 
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capable of unif ormi zing the electron emission 
characteristics of an aggregate of carbon fibers by 
simple techniques. 

In addition, in an electron source in which a 
multiplicity of electron-emitting devices each using 
an aggregate of carbon fibers as its electron-emitting 
member are arranged, a small degree of non-uniformity 
occurs in the electron emission characteristics of 
individual electron-emitting devices owing to factors 
such as variations in the manufacturing process. As a 
result, when an image display apparatus is fabricated 
using such an electron source, the non-uniformity of 
its characteristics occasionally appears as the non- 
uniformity of luminance. 

As the reason why electron emission 
characteristics differ among individual electron- 
emitting devices in this manner, it is considered that 
there are various causes such as the non-uniformity of 
the components of a material used in electron-emitting 
devices and the errors of the dimensions and shapes of 
members of each device. However, if all these causes 
are to be eliminated, highly advanced manufacturing 
equipment and extremely strict schedule control are 
necessary, but huge manufacturing cost is needed to 
satisfy this necessity. 

The invention has been made in view of the 
above-described problems of the related art, and an 



object of the invention is to provide a driving method 
for an electron-emitting device which is capable of 
stably driving an electron-emitting device using an 
aggregate of carbon fibers as an electron-emitting 
member, for a long time. 

Another object of the invention is to provide a 
manufacturing method and a driving method both of 
which is capable of restraining the non-uniformity of 
electron emission characteristics among individual 
electron-emitting devices in an electron source (or in 
an image-forming apparatus) in which a plurality of 
electron-emitting devices each using an aggregate of 
carbon fibers as an electron-emitting member are 
arranged. 

To achieve the above objects, the invention 
provides a driving method for an electron-emitting 
device in which an electron-emitting member including 
a plurality of carbon fibers is made to emit electrons 
by a voltage being applied between a cathode electrode 
on which the electron-emitting member is formed and a 
counter electrode disposed in opposition to the 
cathode electrode. The driving method includes the 
step of applying a driving voltage V smaller than a 
maximum applied voltage Vmax between the cathode 
electrode and the counter electrode to drive the 
electron-emitting device, the maximum applied voltage 
Vmax being a maximum voltage applied between the 



cathode electrode and the counter electrode before the 
start of driving. 

The invention also provides a driving method for 
an electron source including a plurality of electron- 
emitting devices formed on a substrate, in each of 
which an electron-emitting member including a 
plurality of carbon fibers is capable of emitting 
electrons when a driving voltage is applied between a 
cathode electrode on which the electron-emitting 
member is formed and a counter electrode disposed in 
opposition to the cathode electrode. The driving 
method includes the steps of: applying a voltage Vmax 
higher than the driving voltage to a first electron- 
emitting device to cause an i-v characteristic of the 
first electron-emitting device and an I-V 
characteristic of a second electron-emitting device to 
become closer to each other, the first electron- 
emitting device being operative to emit a relatively 
larger number of electrons among the plurality of 
electron-emitting devices when a predetermined voltage 
is applied, the second electron-emitting device being 
operative to emit a relatively smalle'r number of 
electrons among the plurality of electron-emitting 
devices when the predetermined voltage is applied; and 
applying, according to input data, a driving voltage V 
smaller than the maximum applied voltage Vmax between 
the cathode electrode and the counter electrode to 
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drive the plurality of electron-emitting devices. 

According to either of the above-described 
driving methods, it is possible to realize stable 
driving of the electron-emitting devices through the 
respective aggregates of carbon fibers each serving as 
the electron-emitting member* 

Letting I be an emission current obtained when 
the driving voltage V is applied, it is preferable to 
select the driving voltage V from a low-voltage "region 
in which the relationship between 1/V and log(I/v 2 ) 
becomes approximately linear. 

According to either of the above-described 
driving methods, it is possible to effect stable 
driving of the electron-emitting devices with high 
reproducibility in an approximately linear, simple 
relationship . 

The invention also provides a manufacturing 
method for an electron source including a plurality of 
electron-emitting devices formed on a substrate, in 
each of which an electron-emitting member including a 
plurality of carbon fibers is capable of emitting 
electrons when a driving voltage is applied between a 
cathode electrode on which the electron-emitting 
member is formed and a counter electrode disposed in 
opposition to the cathode electrode* The 
manufacturing method includes the step of applying a 
voltage higher than the driving voltage to a first 



electron-emitting device to cause an I-V 
characteristic of the first electron-emitting device 
and an I-V characteristic of a second electron- 
emitting device to become closer to each other, the 
first electron-emitting device being operative to emit 
a relatively larger number of electrons among the 
plurality of electron-emitting devices when a 
predetermined voltage is applied, the second electron- 
emitting device being operative to emit a relatively 
smaller number of electrons among the plurality of 
electron-emitting devices when the predetermined 
voltage is applied. 

According to the above-described manufacturing 
method, it is possible to realize electron emission 
characteristics of high uniformity in the electron 
source including the plurality of electron-emitting 
devices . 

It is preferable that the I-V characteristic 
includes an inclination and an intercept of the 
relationship between l/v and log(I/V 2 ) in a low- 
voltage region in which the relationship between 1/V 
and log(I/V 2 ) is approximately linear. 

The invention provides another manufacturing 
method for an electron source including a plurality of 
electron-emitting devices formed on a substrate in a 
matrix form, in each of which an electron-emitting 
member including a plurality of carbon fibers is made 
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to emit electrons when a driving voltage is applied 
between a cathode electrode on which the electron- 
emitting member is formed and a counter electrode 
disposed in opposition to the cathode electrode. The 
manufacturing method includes: a measuring step of 
applying a characteristic measuring voltage for 
measuring electron emission characteristic of the 
respective plurality of electron-emitting devices; a 
reference value selecting step of finding a reference 
value for the electron emission characteristics of the 
respective plurality of electron-emitting devices on 
the basis of the measured electron emission 
characteristics; and a characteristic shift voltage 
applying step of applying characteristic shift 
voltages to the respective plurality of electron- 
emitting devices to cause the electron emission 
characteristics of the respective plurality of 
electron-emitting devices to become closer to a value 
corresponding to the reference value. 

According to the above-described manufacturing 
method, it is possible to realize electron emission 
characteristics of high uniformity in the electron 
source . 

Preferably, the manufacturing method furthers 
includes, after the characteristic shift voltage 
applying step, a step of again measuring the electron 
emission characteristics of the respective plurality 
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of electron-emitting devices and a step of again 
applying the characteristic shift voltage to a 
relevant electron-emitting device on the basis of a 
result measured again- 
According to the above-described manufacturing 
method, it is possible to realize electron emission 
characteristics of high uniformity in the electron 
source . 

Preferably, in the measuring step, when any one 
of the electron-emitting devices is driven each time, 
an emission current emitted from the driven electron- 
emitting device is measured. 

According to this method, it is possible to 
easily know the electron emission characteristic of 
each of the electron-emitting devices in the electron 
source. 

Preferably, in the measuring step, when any one 
of the electron-emitting devices is driven each time, 
a current flowing in the driven electron-emitting 
device is measured. 

According to this method, it is possible to 
easily know the electron emission characteristic of 
each of the electron-emitting devices in the electron 
source . 

Preferably, in the measuring step, when any one 
of the electron-emitting devices is driven each time, 
measurement is performed on the emission luminance of 
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a phosphor which is caused to emit light by electrons 
emitted from the driven electron-emitting device, and 
the measured luminance is converted to a value 
corresponding to the emission current or a device 
current . 

According to this method, it is possible to 
easily know the electron emission characteristic of 
each of the electron-emitting devices in the electron 
source. 

Preferably, the aggregate of carbon fibers used 
in the invention is one kind selected from among an 
aggregate of graphite nanofibers, an aggregate of 
carbon nanotubes, and a mixed aggregate of graphite 
nanofibers and carbon nanotubes. 

According to this method, it is possible to 
easily realize uniform device characteristics in a 
multi -electron source . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a graph showing a Vf-log(Ie) 
characteristic, aiding in describing the irreversible 
characteristic of an electron-emitting device 
according to Embodiment 1 of the invention; 

Fig. 2 is a schematic view showing one example 
of the electron-emitting device according to 
Embodiment 1 of the invention; 

Figs. 3A to 3C are cross-sectional schematic 
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views showing a method of fabricating a cathode 
electrode and an electron-emitting device on the 
cathode electrode; 

Fig. 4 is a graph showing the I-V characteristic 
of the electron-emitting device; 

Fig. 5 is a graph showing the F-N characteristic 
of the electron-emitting device; 

Fig. 6A is a schematic top plan view of the 
electron-emitting device which uses an aggregate of 
carbon fibers provided with a gate electrode, as its 
electron-emitting member; 

Fig. 6B is a cross-sectional view taken along 
line A-A of Fig. 6A; 

Fig. 7 is a schematic view aiding in describing 
the state in which electrons emitted from the 
electron-emitting device move toward an anode 
electrode ; 

Fig. 8 is a graph showing the Vf-Ie 
characteristic of the electron-emitting device; 

Fig. 9 is a graph showing the Vf-log(Ie) 
characteristic of the electron-emitting device; 

Fig. 10 is a graph showing the 1/Vf -log ( Ie/Vf 2 ) 
characteristic of the electron-emitting device; 

Fig. 11 is a graph showing the log(t)- 
I© (normalized) characteristic of the electron-emitting 
device ; 

Fig. 12 is a graph showing the 1/Vf - log ( Ie/Vf 2 ) 
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characteristic, aiding in describing the irreversible 
characteristic of the electron-emitting device 
according to Embodiment 2; 

Fig. 13 is a graph showing the 1/Vf-log ( Ie/Vf 2 ) 
characteristic of an electron-emitting device using 
carbon nanotubes (CNT) and graphite nanofibers (GNF) 
as its electron-emitting member; 

Fig. 14 is a schematic plan view of a multi- 
electron source in which electron-emitting devices are 
disposed in matrix form; 

Fig. 15 is a cross-sectional view of the multi- 
electron source, taken along line A-A' of Fig. 14; 

Fig. 16 is a schematic cross-sectional view 
aiding in describing the states of voltages to be 
applied during the driving of the multi-electron 
source ; 

Fig. 17 is a graph comparatively showing 
different 1/Vf-log ( Ie/Vf 2 ) characteristics of 
different elect r on- emitting devices ; 

Fig. 18 is a graph comparatively showing 
different 1/Vf-log ( Ie/Vf 2 ) characteristics for the 
purpose of describing a method of uniformizing the 
electron emission characteristics of different 
electron-emitting devices according to Embodiment 3 of 
the invention; 

Fig. 19 is a graph comparatively showing 
different 1/Vf-log ( Ie/Vf 2 ) characteristics for the 
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purpose of describing a characteristic shift voltage 
applying step; 

Fig. 20 is a graph comparatively showing 
different 1/Vf-log ( Ie/Vf 2 ) characteristics for the 
purpose of describing a reference device voltage 
adjusting step; 

Figs. 21A to 21D are schematic cross-sectional 
views aiding in describing a process of .manufacturing 
the electron-emitting device; 

Fig. 22 is a graph showing the F-N 
characteristic of an electron-emitting device 
according to Example 2; 

Fig. 23 is a schematic view of a multi-electron 
source; 

Figs. 24A to 24C are schematic views showing one 
example of the form of carbon fibers; 

Figs. 25A to 25C are schematic views showing 
another example of the form of carbon fibers; and 

Fig. 26 is a schematic view showing one example 
of an electron-emitting device. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Preferred embodiments of the invention will be 
illustratively described below in detail with 
reference to the accompanying drawings. In the 
following description, unless otherwise specified, the 



scope of the invention is not to be construed to be 
limited to specific factors such as dimensions, 
materials, shapes or relative arrangements of 
individual constituent components of preferred 
embodiments which will be described below. 

Fig. 1 is a view aiding in describing a driving 
method for an electron-emitting device according to 
the invention. Fig. 1 is a semi-logarithmic graph 
showing the relationship (I-V characteristic) between 
a voltage Vf and the quantity of electrons (emission 
current) "Ie" which is emitted from an aggregate of 
carbon fibers when the voltage Vf is applied between a 
cathode electrode on which the aggregate of carbon 
fibers is disposed and a counter electrode disposed in 
opposition to the cathode electrode. The term 
"counter electrode" used herein indicates an electrode 
to which a potential for causing the aggregate of 
carbon fibers to emit electrons is applied. 

In addition, "aggregate of a carbon fibers" in 
the present invention is only a plurality of carbon 
fibers, and member including a plurality of carbon 
fibers and other member (for example, member including 
a plurality of carbon fibers and catalyst particles, 
and a plurality of carbon fibers and glue) . Therefore, 
with "an electron-emitting member made of an aggregate 
of carbon fibers" in the present invention, for 
example, it can be said in other words with "an 



electron-emitting member including a plurality of 
carbon fibers". 

In one embodiment of the invention, before the 
start of driving of the electron-emitting device 
(typically, during the manufacture thereof), the 
maximum voltage applied between the cathode electrode 
and the counter electrode of the electron-emitting 
device is set to a maximum applied voltage Vmax, and 
when the electron-emitting device is to be driven 
(typically, after the manufacture thereof), a driving 
voltage V lower than the maximum applied voltage Vmax 
is applied between the cathode electrode and the 
counter electrode. This construction makes it 
possible to restraining the electron-emitting device 
from varying in its electron emission characteristic 
with time. 

The invention has been made on the basis of 
findings obtained from experiments which will be 
described later, and first of all, the experiments 
will be described below to facilitate an understanding 
of the invention. 

(Experiment 1) 

Fig. 2 is a schematic view showing one example 
of the electron-emitting device used in the invention. 

As shown in Fig. 2, a cathode substrate 92 is 
disposed in the inside of a vacuum vessel 97. A 
cathode electrode 93 on which an aggregate 94 of 
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carbon fibers constituting the electron-emitting 
device is placed is provided on a surface of the 
cathode substrate 92. An anode substrate 96 is 
disposed at a location opposite to the cathode 
electrode 93, and an anode electrode 95 which receives 
electrons emitted from the aggregate 94 of carbon 
fibers is provided on a surface of the anode substrate 
96 as a counter electrode. A predetermined voltage is 
capable of being applied between the cathode electrode 
93 and the anode electrode 95 by a voltage source 91. 
In addition, the vacuum vessel 97 is provided with an 
evacuation system 98 for evacuating the inside of the 
vacuum vessel 97. 

Each of the cathode substrate 92 and the anode 
substrate 96 shown in Fig. 2 may use, for example, a 
glass substrate (PD200, manufactured by Asahi Glass Co. 
Ltd.) The cathode electrode 93 may be fabricated from 
TiN thin film, while the anode electrode 95 may be 
fabricated from ITO thin film. 

The aggregate 94 of carbon fibers may be formed 
as shown in Figs. 3A to 3C by way of example. In Figs. 
3A to 3C, reference numeral 101 denotes a cathode 
electrode, reference numeral 102 denotes a cathode 
substrate, reference numeral 103 denotes catalyst 
particles, and reference numeral 104 denotes an 
aggregate of carbon fibers. One example of a 
manufacturing method for the aggregate 104 of carbon 
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fibers will be described below in detail. 

First of all, the TiN thin film 101 of thickness 
100 nm is fabricated on a surface of the cathode 
substrate 102 by ion beam sputtering (Fig. 3A) . Then, 
the catalyst particles 103 which promote the growth of 
carbon fibers are fabricated on the TiN thin film 101 
by RF sputtering (Fig. 3B) . The catalyst particles 
103 may use palladium, cobalt, iron and nickel, or an 
alloy of two or more of these metals. The cathode 
substrate 102 on which the catalyst particles 103 are 
disposed is placed into a furnace, and the catalyst 
particles 103 are reduced by heating in a hydrogen gas 
atmosphere. After that, the cathode substrate 102 is 
heated in a hydrogen gas atmosphere into which a 
hydrocarbon gas has been introduced, thereby forming 
the aggregate 104 of carbon fibers on the cathode 
substrate 102 (Fig. 3C) . The hydrocarbon gas may use, 
for example, methane, ethylene, acetylene, carbon 
monoxide, or carbon dioxide* Substrate heating 
temperatures at which the aggregate 104 of carbon 
fibers can be formed are between 450°C and 800°C, and 
in this example, the cathode substrate 102 is heated 
at a temperature not higher than its strain point 
(570°C) . 

From the SEM observation of the aggregate 104 of 
carbon fibers fabricated on the cathode electrode 101 
in this manner, it can be seen that each carbon fiber 
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has a thickness (diameter) of 5 nm to 60 nm and the 
aggregate 104 of carbon fibers has a film thickness of 
0.3 um to 15 nm. According to a Raman analysis, 
vibrations characteristic of graphite are observed 
near 1,580 cm" 1 and 1,340 cm -1 . In addition, according 
to a TEM observation, it can be confirmed that the 
aggregate 104 has a structure in which graphenes are 
stacked in the length direction of carbon fibers which 
are called graphite nanofibers. 

The aggregate 94 of carbon fibers fabricated in 
this manner is disposed on the cathode electrode 93 as 
shown in Fig. 2, and a spacer (not shown) for 
maintaining the space between the cathode electrode 93 
and the anode electrode 95 is disposed therebetween. 
Then, the inside of the vacuum vessel 97 is evacuated 
by the use of a turbo molecular pump, a dry pump and 
an ion pump. Incidentally, in Fig. 2, reference 
numeral 92 denotes the cathode substrate and reference 
numeral 96 denotes the anode substrate. 

Then, increases and decreases in the voltage 
applied between the cathode electrode 93 and the anode 
electrode 95 are repeated. During this time, the 
process of increasing the voltage and then decreasing 
the voltage is performed as one cycle, and electron 
emission is performed during the increase of the 
voltage in each cycle by increasing a maximum voltage 
value to be applied between the cathode electrode 93 



and the anode electrode 95. The I-V characteristic 
obtained during this time is shown in Fig. 4. In Fig. 
4, the horizontal axis indicates the applied voltage, 
and the vertical axis indicates a logarithmic 
representation of emission current. 

In Fig. 4, each group of curves (assigned any of 
numbers 1 to 4) indicates the number of times of 
voltage application. Namely, for example, the group 
of curves 1 represents the relationship between the 
emission current and the applied voltage which is 
obtained when the voltage is increased from a point A 
to a point B and is then decreased to a point C in the 
first cycle of voltage application as shown in Fig. 4. 
Similarly, for example, the group of curves 2 
represents the relationship between the emission 
current and the applied voltage which is obtained when 
the voltage is increased from the point C to a point D 
through a point B and is then decreased to a point E 
in the second cycle of voltage application (after the 
first cycle of voltage application) as shown in Fig. 4. 

As can be seen from Fig. 4, in the voltage 
increase process of each of second and later cycles of 
voltage application, there exists a voltage at which a 
bending point is produced on the I-V curve (for 
example, in the second cycle of voltage application, 
the point B; in the third cycle of voltage application, 
the point D; and in the fourth cycle of voltage 

22 



application/ a point F) . Each of the cycles of 
voltage application further includes two kinds of I-V 
curves along which the applied voltage is varied after 
having been increased to the bending point. One of 
the two kinds of I-V curves is an I-V curve along 
which the voltage applied between the cathode 
electrode 93 and the anode electrode 95 is varied 
within the range of voltages not higher than the 
voltage at the bending point (this I-V curve is called 
the first curve), and the other is an I-V curve along 
which the voltage applied between the cathode 
electrode 93 and the anode electrode 95 continues to 
be increased within the range of voltages not lower 
than the voltage at the bending point (this I-V curve 
is called the second curve). Namely, in Fig. 4, each 
of the B-C curve, the D-E curve and the F-G curve 
corresponds to the first curve, while each of the B-D 
curve and the D-F curve corresponds to the second 
curve. It can be said, however, that the A-B curve 
corresponds to the second curve, since there is no 
applied voltage before the point A. In addition, the 
second curves of the respective cycles form an 
approximately continuous line as shown in Fig. 4. 

In the n-th (n is an integer greater than or 
equal to 2) cycle of voltage application, within the 
voltage range in which the applied voltage varies 
toward the second line (namely, the bending point in 

23 



the n-th cycle) , the voltage decreasing line of the (n 
- l)-th cycle and the voltage increasing line of the 
n-the cycle approximately coincide with each other 
(are approximately superposed on each other) . This 
fact indicates that the I-V curve has reproducibility 
within the voltage range in which the applied voltage 
varies toward the second line, and the reproducibility 
of the I-V curve is broken (the I-V curve is shifted) 
by increasing the applied voltage to a further extent 
after the applied voltage has reached the second line. 

The following fact is of far more importance. As 
compared with the first line obtained after the (n - 
l)-th (n is an integer greater than or equal to 2) 
cycle of voltage application has been performed (for 
example, the B-C line which is an I-V curve having 
reproducibility and is obtained after the first cycle 
of voltage application in Fig. 4), the first line 
obtained after the n-th cycle of voltage application 
has been performed (for example, the D-E line which is 
an i-v curve having reproducibility and is obtained 
after the second cycle of voltage application in Fig. 
4) is extended in terms of the range in which the 
reproducibility of the amount of emission current is 
obtainable, whereby the first line obtained after the 
n-th cycle can provide a higher emission current than 
that obtained after the (n - l)-th cycle. 

The above-described nature can be summarized as 



follows. Namely, electron emission characteristics 
based on a film comprising a plurality of carbon 
fibers (an aggregate of a plurality of carbon fibers) 
typically depend on a maximum applied voltage Vmax 
experienced by the film comprising a plurality of 
carbon fibers (for example, in Fig. 4, the voltage 
value applied at the point B during the first cycle of 
voltage application, the voltage value applied at the 
point D during the second cycle of voltage application, 
and the voltage value applied at the point F during 
the third cycle of voltage application) , and as the 
maximum applied voltage Vmax is increased, the 1-v 
characteristic is varied (shifted) . At the same time, 
the I-V characteristic that varies in this manner 
provides a far higher maximum emission current. 

Fig. 5 shows F-N ( Fowler-Nordheim) plots 
corresponding to the I-V curves shown in Fig. 4. 
Points A to G shown in Fig. 5 correspond to the 
respective points A to G shown in Fig 4. In the F-N 
plots as well, it is apparent that there exist bends 
(the points B, D and F) corresponding to the bends of 
the I-V curves of the respective drive cycles. From 
Fig. 5, it can be seen that the inclination of the 
voltage decreasing process in each cycle of voltage 
application (for example, the line B-C in the first 
cycle) negatively increases as the number of cycles of 
voltage application increases. 
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An electron emission area a. can be found from 
this inclination and 1/Va-intercept, and a field 
enhancement factor (5 can be found from the inclination. 
In this method of calculating fjrom these F-N plots the 
field enhancement factor 0 and the electron emission 
area a in the voltage decreasing process of each cycle 
of voltage application, if voltage application is 
performed so that the maximum value of the applied 
voltage increases on a cycle-by-cycle basis, as the 
number of cycles of voltage application increases, the 
field enhancement factor (3 decreases, while the 
electron emission area a increases- 

This fact indicates the following. Namely, as V 
and I are made to coincide with a curve corresponding 
to the above-described second curve, namely, as the 
maximum applied voltage Vmax is increased, the value 
of the field enhancement factor 0 held by the film 
made of a plurality of carbon fibers (the aggregate of 
carbon fibers) decreases, while the value of the 
electron emission area a increases. This fact means 
that the dynamic range of output current (emission 
current Ie) can be enlarged by increasing the maximum 
applied voltage Vmax . 

In addition, as the maximum applied voltage Vmax 
increases, the number of emission sites in the film 
comprising a plurality of carbon fibers tends to 
increases. On the other hand, when the applied 
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voltage is varied with the maximum applied voltage 
Vmax fixed (when the voltage, after the n-th cycle of 
voltage application, is applied within a voltage range 
not higher than the maximum applied voltage Vmax 
applied between the first cycle and the n-th cycle), 
the locations of the emission sites essentially do not 
vary, and the quantity of electron emission from the 
emission sites only increases or decreases according 
to increases or decreases in the applied voltage. 
This fact means that locations contributing to 
electron emission are selected and increased by the 
increase of the maximum applied voltage Vmax and the 
resultant emission sites are retained with the maximum 
applied voltage Vmax fixed (when the voltage, after 
the n-th cycle of voltage application, is applied 
within the voltage range not higher than the maximum 
applied voltage Vmax applied between the first cycle 
and the n-th cycle) . Namely, the increase of the 
maximum applied voltage Vmax is thought to be 
accompanied by the destruction of the emission sites 
and the formation of new emission sites. 

As described above in detail, the present 
inventor has discovered through this experiment 1 that 
a desired I-V curve can be obtained by executing 
control to set the maximum applied voltage Vmax to an 
appropriate value, and has made the invention. 

Preferred embodiments of the invention will be 
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specifically described below. In the following 
description of Embodiments 1 and 2, reference will be 
made to a driving method for an electron-emitting 
device using the characteristic (Vmax dependence) 
peculiar to the aggregate of carbon fibers mentioned 
in the above-described Experiment 1. More 
specifically, Embodiment 1 relates to a method of 
driving an electron-emitting device having a two- 
terminal structure {diode structure) , and Embodiment 2 
relates to a method of driving an el ectron- emit ting 
device having a three- terminal structure {triode 
structure) . Embodiment 3 relates to a manufacturing 
method capable of reducing, in an electron source 
having a plurality of electron-emitting devices as 
well as in an image display apparatus having the same, 
the difference in characteristic between the plurality 
of electron-emitting devices by using the above- 
mentioned Vmax dependence. 
(Embodiment 1) 

The driving method for an electron-emitting 
device according to Embodiment 1 of the invention is 
as shown in Figs. 1 and 2, and the electron-emitting 
device used is an electron-emitting device including a 
two-terminal structure (diode structure) having a 
cathode electrode and an anode electrode which is 
spaced upwardly apart from the cathode electrode by a 
distance H. 
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Namely, as shown in Fig. 2, the electron- 
emitting device according to Embodiment 1 is 
constructed so that a predetermined voltage Va can be 
applied between the cathode electrode 93 and the 
counter electrode (the anode electrode) 95 by a 
voltage source 91. The aggregate 94 of carbon fibers 
constituting the electron-emitting device is formed on 
the cathode electrode 93, and the counter electrode 95 
is disposed at a position opposite to the cathode 
electrode 93. The driving method for the electron- 
emitting device according to Embodiment 1 is to drive 
the electron-emitting device by applying between the 
cathode electrode 93 and the counter electrode 95 the 
maximum voltage applied therebetween by the time 
instant that the electron-emitting device is to be 
driven (typically, during the manufacture of the 
electron-emitting device), namely, the driving voltage 
V (or a voltage for driving the electron-emitting 
device) smaller than the maximum applied voltage Vmax 
experienced by the aggregate 94 of carbon fibers. 

In other words, the driving method for the 
electron-emitting device according to Embodiment 1 is 
to apply a voltage higher than a voltage to be applied 
between the cathode electrode 93 and the counter 
electrode 95 during the driving of the electron- 
emitting device, to between the cathode electrode and 
a conductor disposed at a position upwardly remote 



from the cathode electrode 93 by the distance H, at 
least once during the manufacture of the electron- 
emitting device. In yet other words, the driving 
method is to apply a field strength higher than a 
field strength to be applied between the cathode 
electrode 93 and the counter electrode 95 during the 
driving of the electron-emitting device, to between 
the cathode electrode and a conductor disposed above 
the cathode electrode 93, at least once during the 
manufacture of the electron-emitting device. In yet 
other words, the driving method is to generate an 
emission current higher than an emission current to be 
generated between the cathode electrode 93 and the 
counter electrode 95 during the driving of the 
electron-emitting device, from the aggregate 94 of 
carbon fibers at least once during the manufacture of 
the same by applying a voltage to a conductor disposed 
above the cathode electrode 93 (by forming an electric 
field approximately similar to that generated during 
the driving) . 

This driving method is also applicable to a 
method of driving an electron source in which a 
plurality of electron-emitting devices of the above- 
described type are arranged in matrix form. In this 
case, the driving voltage V and the maximum applied 
voltage Vmax need only to be set to satisfy the above- 
described relationship for each of the electron- 
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emitting devices. 

In addition to the cathode electrode 93 and the 
counter electrode 95 shown in Fig. 2, a control 
electrode may be provided for controlling the quantity 
of electron emission toward the counter electrode 95 
from the aggregate 94 of a plurality of carbon fibers 
(refer to Fig. 26) . This construction is included, in 
an electron-emitting device having a three- terminal 
structure (triode structure) which will be described 
later in connection with Embodiment 2. However, in 
Embodiment 1 described above, the field strength 
generated by the voltage applied between the counter 
electrode 95 and the cathode electrode 93 is set to 
not lower than the field strength necessary to extract 
electrons from carbon fibers, whereby the control 
electrode is responsible for the role of decreasing 
the field strength generated by the voltage applied 
between the counter electrode 95 and the cathode 
electrode 93. The control electrode is typically 
responsible for the role of stopping the electron 
emission from carbon fibers. Even in this electron- 
emitting device, electron emission of high 
reproducibility can be obtained in such a way that the 
driving voltage V to be applied during the driving of 
the electron-emitting device is set to the voltage 
range not higher than the maximum applied voltage Vmax . 

(Embodiment 2) 



An electron-emitting device according to 
Embodiment 2 will be described below with reference to 
Figs. 6A to 7. The electron-emitting device according 
to Embodiment 2 is an electron-emitting device having 
a so-called three- terminal structure (triode 
structure). Fig. 7 is a cross-sectional schematic 
view showing the state in which the electron-emitting 
device of Embodiment 2 is driven, and Fig. 6A is a 
schematic plan view aiding in describing a portion 
including a cathode electrode 13 and a gate electrode 
12, while Fig. 6B is a cross-sectional schematic view 
taken along line A-A' of Fig. 6A. 

The gate electrode 12 and the cathode electrode 
13 are disposed on a substrate 11 in the state of 
being spaced part from each other. An aggregate 14 of 
carbon fibers disposed on the cathode electrode 13 has 
one end (denoted by reference numeral 64) which is 
positioned closer to an anode electrode 62 (refer to 
Fig. 7) than a surface of the gate electrode 12. 

The electron-emitting device according to 
Embodiment 2 is of the type which starts its first 
electron emission from the aggregate 14 of carbon 
fibers when a voltage is applied between the gate 
electrode 12 and the cathode electrode 13. Namely, 
the electron-emitting device is of the type in which 
the potential of the anode electrode 62 substantially 
does not contribute to the electron emission itself 
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from the aggregate 14 of carbon fibers. Accordingly, 
in Embodiment 2, the gate electrode 12 corresponds to 
the counter electrode used in the invention. 

In Figs. 6A and 6B, reference numeral 11 denotes 
an electrically insulative substrate (cathode 
substrate), reference numeral 12 denotes the gate 
electrode (extraction electrode), reference numeral 13 
denotes a cathode electrode, and reference numeral 14 
denotes the aggregate of carbon fibers. 

Fig. 7 is a schematic view aiding in describing 
the state in which when the electron-emitting device 
according to Embodiment 2 is driven, electrons emitted 
from the aggregate 14 of carbon fibers are moved 
toward the anode electrode 62. 

In the example shown in Fig. 7, the space V M" 
between the cathode electrode 13 and the gate 
electrode 12 is set to, for example, from several urn 
to several tens of urn, and the electron-emitting 
device is disposed in a vacuum vessel 60 which is 
sufficiently evacuated to a pressure of lO -4 p a or 
less by an evacuation unit 65. In the vacuum vessel 
60, a substrate 61 having the anode electrode 62 is 
provided at a height H of 1 to 9 mm from the 
electrically insulative substrate 11, and a high 
voltage Va of, for example, 1 to 10 kV is applied to 
the anode electrode 62 by a high voltage power source 
(second voltage applying means) . 
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During the driving of the electron-emitting 
device according to Embodiment 2, while the voltage Va 
is being applied to the anode electrode 62, a pulse 
voltage of several tens of V is applied between the 
cathode electrode 13 and the gate electrode 12 as the 
driving voltage Vf from a power source which is not 
shown (first voltage applying means) . In this manner, 
an electric field is formed between the cathode 
electrode 13 and the gate electrode 12 and electrons 
are emitted from the aggregate 14 of carbon fibers 
mainly by the electric field. Then, the electrons 
emitted reach the anode electrode 62. A driving 
method for the electron-emitting device according to 
Embodiment 2 is similar to the method used in 
Embodiment 1; that is to say, the driving method 
according to Embodiment 2 is to drive the electron- 
emitting device by applying between the cathode 
electrode 13 and the counter electrode the maximum 
voltage applied therebetween by the first time that 
the electron-emitting device is driven, namely, a 
voltage (or a voltage for driving the electron- 
emitting device) not higher than the maximum applied 
voltage Vmax experienced by the aggregate 14 of carbon 
fibers . 

In other words, the driving method for the 
electron-emitting device according to Embodiment 2 is 
to apply a voltage higher than a voltage to be applied 
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between the cathode electrode 13 and the gate 
electrode 12 during the driving of the electron- 
emitting device, between the cathode electrode 13 and 
the gate electrode 12 at least once before the driving 
(typically, during the manufacture of the electron- 
emitting device) . In yet other words, the driving 
method is to apply a field strength higher than a 
field strength to be applied between the cathode 
electrode 13 and the anode electrode 62 during the 
driving of the electron-emitting device, between the 
cathode electrode 13 and the gate electrode 12 at 
least once before the driving (typically, during the 
manufacture of the electron-emitting device). In yet 
other words, the driving method is to generate an 
emission current higher than an emission current to be 
generated between the cathode electrode 13 and the 
anode electrode 62 during the driving of the electron- 
emitting device, at least once before the driving 
(typically, during the manufacture of the same) by 
applying a voltage between the cathode electrode 13 
and the gate electrode 12 (by forming an electric 
field approximately similar to that generated during 
the driving) . 

It is to be noted that, for example, in the case 
where the field strength necessary to cause electron 
emission from the aggregate 14 of carbon fibers is low, 
electron emission may be caused by not only the action 
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of the electric field formed between the gate 
electrode 12 and the cathode electrode 13 but also the 
action of the electric field formed between the anode 
electrode 62 and the cathode electrode 13 (and the 
gate electrode) . Stated in more detail, in such a 
case, the anode electrode 62 and the gate electrode 12 
can be regarded as one electrode which corresponds to 
the counter electrode used in the invention. 

However, typically, if the electron-emitting 
device is provided with an electrode substantially 
responsible for the role of extracting electrons from 
the aggregate 14 of carbon fibers (an electrode other 
than the cathode electrode 13), that electrode can, of 
course, be regarded as the above-described counter 
electrode . 

During the driving of the electron-emitting 
device according to Embodiment 2, If « i e is 
satisfied, where If represents a device current which 
flows between the electrodes 12 and 13, and Ie 
represents an emission current which is emitted from 
the aggregate 14 of carbon fibers and reaches the 
anode electrode 62. 

During the driving of the electron-emitting 
device according to Embodiment 2, equipotent ial lines 
63 around the electron-emitting device are formed as 
shown by dotted lines in Fig. 7, and it is considered 
that a point at which the electric field most highly 
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concentrates is the point 64 of the aggregate 14 of 
carbon fibers that is closest to the anode electrode 
62 and closest to the gap between the cathode 
electrode 13 and the gate electrode 12. The vicinit^ 
of the point 64 at which the electric field is 
considered to be most highly concentrated is 
considered to be a main portion from which electrons 
are emitted. Incidentally, in the case of the 
electron-emitting device of Embodiment 1 described 
above with reference to Figs. 2A and 2B, a point at 
which the electric field most highly concentrates is 
considered to be the surface of the aggregate 14 of 
carbon fibers that is opposed to the anode electrode 
62, or the peripheral portion of the aggregate 14 of 
carbon fibers. 

Fig. 8 is a graph showing the Vf-Ie 
characteristic of the electron-emitting device 
according to Embodiment 2. In Fig. 8, symbol vth 
denotes a voltage at which the emission current Ie 
starts to be observed while the voltage applied 
between the cathode electrode 13 and the gate 
electrode 12 is being gradually increased with the 
voltage Va applied between the cathode electrode 13 
and the anode electrode 62. It is to be noted that 
the Vf-Ie characteristic of the electron-emitting 
device according to Embodiment 1 is also shown by a 
graph similar to Fig. 8. However, in the case of 

37 



Embodiment 1, the voltage Vth is a voltage at which 
the emission current le starts to be observed while 
the voltage applied between the cathode electrode 93 
and the anode electrode 95 is being gradually 
increased. 

Fig. 9 is a graph showing the Vf-Ie 
characteristic obtained in an area of vf > Vth when 
the emission current le plotted against the vertical 
axis of the graph of Fig. 8 is expressed by a 
logarithmic representation (log(Ie)). The electron- 
emitting device according to Embodiment 1, therefore, 
shows a characteristic similar to that shown in Fig. 9 

It is known that the emission current density in 
a field emission from a tip of a metal into a vacuum 
obeys a relation called the Fowler-Nordheim equation 
whose parameters are the electric field at the tip of 
an emitter that is expressed by Poisson's equation and 
the work function of the emitter* From the Fowler- 
Nordheim equation, it is concluded that log(Ie/Vf 2 ) 
and 1/Vf have a linear relationship, and a field 
enhancement factor and the like are obtained from the 
inclination of the linear line. 

From this fact, if an actual electron emission 
characteristic is plotted ( F-N plots) in a graph in 
which log(Ie/Vf 2 ) is set to the vertical axis and 1/Vf 
is set to the horizontal axis, it can be determined 
whether the relationship between current and voltage 
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has been obtained depending on field emission, by 
determining whether .the obtained graph obeys the 
linear relationship. 

However, in the case where the electron-emitting 
portion of the electron-emitting device is an 
aggregate of carbon fibers as in the invention, 
log(Ie/Vf 2 ) and l/vff do not necessarily obey one 
linear relationship, depending on the upper limit of 
the applied voltage Vf (the inclination of a line 
drawn by the F-N plots in the graph does not become 
constant) . 

Fig. 10 is a graph showing log(Ie/Vf 2 ) and 1/vf 
plots as to the above-described electron emission 
characteristic, shown in Fig, 9, of the aggregate of 
carbon fibers according to Embodiment 2. As shown in 
Fig* 10, the voltage range Vf > Vth, which is 
accompanied by the occurrence of emission current, is 
divided into two regions according to the behavior of 
log(Ie/Vf 2 ) with respect to 1/Vf; that is to say, 

1. a low-voltage region: region where log(le/vf 2 ) 
approximately linearly behaves, and 

2. a high-voltage region: region where 
log(Ie/Vf 2 ) behaves with the amount of variation that 
is expressed by a small absolute value compared to the 
absolute value of the amount of variation of 
log(Ie/Vf 2 ) in the low-voltage region. 

The two regions have the following 



characteristics shown in Fig. 11. Fig. 11 is a graph 
showing temporal variations in the emission current Ie 
which are respectively caused when the driving voltage 
Vf is applied in the low-voltage region and in the 
hi gh- voltage region « 

Namely, in the driving of the electron-emitting 
device at a constant voltage in the low-voltage region, 
several tens of hours of driving merely causes a 1% or 
less degradation of the emission current and hardly 
causes variations in the electron emission 
characteristic, so that reproducibility is high. 

However, in the driving of the electron-emitting 
device at a constant voltage in the high-voltage 
region, the attenuation of the emission current is 
intense, so that several tens of minutes of driving 
causes a 10% or more decrease in the emission current. 

The electron emission characteristics shown in 
Figs. 8, 9 and 10 are respectively represented by 
curves each obtained from a monotonous increase in the 
applied voltage. 

The irreversibility of the electron emission 
characteristic of the electron-emitting device 
according to Embodiment 2 will be described below in 
detail. In the case where three applied voltages V fi , 
V f2 and V f3 are prepared to satisfy the relationship of 
Vf 2 > V f i and V fZ > V £3 , if the applied voltage and the 
emission current are increased and decreased in the 
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order of (V fl/ I e i), (V f2 , I e 2) and (V* 3 , lea), the 
relationship between Vf and log(Ie) is plotted along 
curves similar to those shown in Fig. 1 mentioned 
previously* 

If the plots of the data in Fig. 1 are modified 
to draw curves along which the relationship between 
1/Vf and log(le/V f 2 ) (the I-V characteristic) is 
plotted, the curves shown in Fig. 12 are obtained. 

For example, while the electron-emitting device 
is being driven with the voltage V fl and the current 
Iei/ if this driving voltage V fl is increased, the I-V 
characteristic bends at an intermediate point. 

When the driving voltage is not higher than that 
at this bending point, the driving voltage is in an 
initial low-voltage region, and the I-V characteristic 
in this region has reproducibility. 

After the driving voltage enters an initial 
high-voltage region through this bending point, if the 
driving voltage continues to be increased, the I-V 
characteristic continues to increase in only one 
direction as shown in Fig. 12. 

At a point P2 corresponding to the voltage V I2 
and the current I e 2, the increase of the driving 
voltage is stopped. Then, when the electron-emitting 
device is driven at a voltage value lower than the 
voltage V £2 , the I-V characteristic does not draw the 
curve that passes through the bending point between 
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the point PI and the point P2, and assumes the form 
shown by the curve drawn between a point P3 and the 
point P2. The I-v characteristic shown by the curve 
between the point P3 and the point P2 has 
reproducibility so long as the applied voltage does 
not exceed the voltage V f 2 . 

After that, when the applied voltage is further 
increased beyond the voltage V f2 , the I-V 
characteristic draws a curve containing the bending 
point P2 . 

In this manner, the I-V characteristic of the 
electron-emitting device having the aggregate of 
carbon fibers varies as the maximum applied voltage 
in the history of applied voltages increases. However, 
so long as the applied voltage does not exceed the 
maximum applied voltage, the I-V characteristic 
substantially does not vary* 

In brief, a threshold voltage which divides the 
initial low-voltage region and the initial high- 
voltage region shifts with an increase in the maximum 
applied voltage, and letting V f2 denote the maximum 
applied voltage experienced in the past, a low-voltage 
region and a high-voltage region both of which are to 
be obtained after driving with the maximum applied 
voltage V f2 are obtained in the state of being divided 
from each other at the point P2 . 

Namely, each time an increase and a decrease in 
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the applied voltage are repeated to update the past 
maximum applied voltage, the electron emission 
characteristic varies, and not only an electron 
emission threshold but also the bend of the electron 
emission characteristic that divides the low-voltage 
region and the high-voltage region irreversibly varies 
Accordingly, if the history of the past applied 
voltages is unknown, it is preferable to increase 
gradually the applied voltage until the bending point 
appears, and then select a driving voltage from a 
voltage range not higher than the maximum applied 
voltage, thereby driving the electron-emitting device 
at the selected driving voltage. 

The electron-emitting device using the aggregate 
of carbon fibers according to this invention has the 
following feature as to its characteristics. Namely, 
once the aggregate of carbon fibers experiences a 
voltage in the high-voltage region, the electron 
emission characteristic cannot return to the original 
low-voltage region, but a newly updated low-vbltage 
region contains a current range which is extended to a 
current value corresponding to the voltage value 
experienced by the aggregate of carbon fibers in the 
high-voltage region. 

Specifically, referring to Figs. 1 and 12, the 
upper limit of the low-voltage region is V f2 , which is 
obtained after the applied voltage has entered the 
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high-voltage region from the voltage V fl and the 
aggregate of carbon fibers has experienced the voltage 
V £2 in the high-voltage region, and a current value 
corresponding to the upper limit of this high-voltage 
region is I e2 . 

Once the aggregate of carbon fibers has 
experienced driving at the voltage V f2 , a new low- 
voltage region is determined as shown in Fig. 1. At 
this time, the upper limit of the low-voltage region 
is V f2 which is obtained after the aggregate of carbon 
fibers has experienced driving at the voltage V f2 , and 
the current region of the low-voltage region is 
extended to the corresponding current I e2 . 

Actually, if the electron-emitting device is to 
be used in various applications, the emission current 
needs to be controlled with good reproducibility by a 
voltage applied to the electron-emitting device during 
the driving thereof. Accordingly, it is desired that 
the electron-emitting device be driven in a low- 
voltage region which has reproducibility and satisfies 
an approximately linear relationship in terms of plots 
of log(Ie/Vf 2 ) and 1/Vf (F-N plots). Accordingly, a 
current range capable of being outputted in such low- 
voltage region is the dynamic range of the electron- 
emitting device. 

This fact indicates that the application of the 
voltage V f2 makes it possible to widen the dynamic 
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range of the electron-emitting device, compared to the 
initial driving period thereof. 

Namely, it is considered that while the 
electron-emitting device is being driven in the low- 
voltage region, an irreversible variation in the 
electron emission characteristic is substantially 
absent or nearly negligible, but while the electron- 
emitting device is being driven in the high-voltage 
region, a non-negligible, irreversible variation 
occurs in a local shape and/or the electron emission 
characteristic of the aggregate of carbon fibers. 

Because of such a characteristic, when the 
electron-emitting device is to be driven for a long 
time for practical purposes such as displaying, it is 
not preferable to drive the electron-emitting device 
in the high-voltage region, because current 
degradation is caused by driving in the high-voltage 
region ♦ 

Accordingly, to maintain a stable emission 
current, it is preferable to drive the electron- 
emitting device in the low-voltage region lower than 
the maximum applied voltage Vmax, as described 
previously. 

During practical driving such as displaying, if 
an objective driving current value is above the upper 
limit of the low-voltage region, it is preferable to 
temporarily apply a voltage not lower than any voltage 



contained in the high-voltage region where the 
objective driving current value can be obtained, in 
the opposite way to the above-described driving method 
according to the invention. Namely, a voltage (Vmax) 
higher than the maximum applied voltage obtained in 
the history of the past applied voltages is applied to 
widen the dynamic range of the electron-emitting 
device, and then the electron-emitting device is 
driven at a driving voltage lower than the voltage 
Vmax . 

In this manner, a current range corresponding to 
a newly obtained low-voltage region can be extended to 
a region above an objective driving current. 
Accordingly, the electron-emitting device can be 
driven with the objective driving current in a low- 
voltage region where a temporally more stable driving 
state can be realized. 

Embodiment 3 of the invention which will be 
described later reduces the difference in electron 
emission characteristic between a plurality of 
electron-emitting devices by making use of the fact 
that the electron emission characteristic of the 
aggregate of carbon fibers can be shifted, thereby 
providing an electron source of high uniformity. 

One example of a manufacturing method for the 
electron-emitting device used in the invention will be 
described below. In the following description, 
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reference will be made to an example of a lateral type 
of electron-emitting device such as that described 
previously in connection with Embodiment 2 and shown 
in Fig. 6. However, the invention can also be used in 
a so-called vertical type of electron-emitting device 
such as that shown in Fig. 26. Incidentally, as 
compared with the vertical type of electron-emitting 
device, the lateral type of electron-emitting device 
has a preferable form in that the lateral type is easy 
to manufacture and can be driven at high speeds 
because its capacitance components are small for 
driving . 

The term "lateral type of electron-emitting 
device" indicates an electron-emitting device of the 
type which forms an electric field in a direction 
substantially parallel to the surfaces of its 
substrates and extracts electrons from its aggregate 
of carbon fibers by means of the electric field. The 
term "vertical type of electron-emitting device" 
indicates an electron-emitting device of the type 
which forms an electric field in a direction 
substantially perpendicular to the surfaces of its 
substrates and extracts electrons from its aggregate 
of carbon fibers by means of the electric field. The 
vertical type of electron-emitting device includes a 
so-called Spindt type of electron-emitting device. 

The vertical type of electron-emitting device 
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shown in Fig. 26 includes a cathode electrode 113 and 
a control electrode 112 (a so-called triode (three- 
terminal) structure which includes an anode electrode 
116 in addition to the electrodes 113 and 112) . Since 
an aggregate 115 of carbon fibers is capable of 
emitting electrons at a low field strength, the 
invention is also applicable to a vertical type of 
electron-emitting device having a structure in which 
the control electrode 112 and the electrically 
insulating layer 114 shown in Fig. 26 are omitted 
(refer to Fig. 2). Namely, the invention is also 
applicable to an electron-emitting device which 
includes the cathode electrode 113 disposed on a 
substrate 111 and the aggregate 115 of carbon fibers 
disposed on the cathode electrode 113 (a so-called 
diode (two-terminal) structure which includes the 
anode electrode 116 in addition to the cathode 
electrode 113) (refer to Fig. 2) . 

In the above-described triode structure, as 
shown in Fig. 26, the control electrode 112 may be 
made to function as a so-called gate electrode (an 
electrode for extracting electrons from the aggregate 
115 of carbon fibers), but since the aggregate 115 of 
carbon fibers can emit electrons at a low field 
strength, the anode electrode 116 may be made to 
perform extraction of electrons from the aggregate 115 
of carbon fibers, and the control electrode 112 may 
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also be used for effecting modulation of the quantity 
of electron emission from the aggregate 115 of carbon 
fibers and stoppage of electron emission from the same, 
or effecting shaping such as convergence of emitted 
electron beams. In this case, the anode electrode 116 
serves as a counter electrode. 

The following example is merely one example, and 
the manufacturing method according to the invention is 
not limited to only the following example. In the 
description of the following example, reference will 
be made to an example of a manufacturing method for 
the electron-emitting device of three- terminal 
structure shown in Figs. 6A, 6B and 7. 

(Step 1) 

First, a substrate whose surfaces are 
sufficiently cleaned is prepared as the electrically 
insulative substrate 11. The substrate is selected 
from among materials such as silica glass, PD200 glass, 
glass which is decreased in the content of impurities 
such as Na and is partly substituted by k, soda-lime 
glass, a stacked structure in which a layer of Si0 2 is 
stacked on a silicon substrate or the like, and 
ceramics such as alumina _ 

(Step 2) 

The gate electrode (control electrode) 12 and 
the cathode electrode 13 are formed on the 
electrically insulating substrate 11 by a general 
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deposition technique such as evaporation or sputtering 
and a general patterning technique such as 
photolithography. The material of the gate electrode 
12 and the cathode electrode 13 may be appropriately 
selected from among, for example, metals, metal 
nitrides, metal carbides, metal borides, 
semiconductors, and metallic compounds of 
semiconductors. The thickness of each of the gate 
electrode 12 and the cathode electrode 13 is 
preferably set within the desired range of resistance 
values, for example, within the range of 10 nm to 100 
um . 

Particularly in the case where carbon fibers are 
to be grown by CVD with a catalyst as will be 
described later, it is preferable that a film of metal 
nitride be disposed between the cathode electrode 13 
and the carbon fibers in order to stabilize the growth 
of the carbon fibers. For example, TiN is preferably 
used as the metal nitride. 

(Step 3) 

The aggregate 14 of carbon fibers is disposed on 
the cathode electrode 13. The carbon fibers 
preferably use graphite nanofibers, and structures 
such as "herring-bone" and "platelet" or combined 
forms of these structures may be used as the graphite 
nanofibers . 

Through the above-described steps, the electron- 
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emitting device having such aggregate of carbon fibers 
can be formed. During actual driving, the electron- 
emitting device can obtain an electron emission 
characteristic of high reproducibility by being driven 
within the above-described voltage range not higher 
than the maximum applied voltage Vmax . 

Incidentally, carbon fibers usable in the 
invention are, in addition to graphite nanofibers, 
carbon nanotubes, carbon nanohorns having structures 
like carbon nanotubes with closed tip ends, amorphous 
carbon fibers, and the like. Basically, the carbon 
fibers usable in the invention are electrically 
conductive. In addition, preferably, any of these 
carbon fibers has a nano-order diameter (not smaller 
than 1 nm and smaller than 1,000 nm, preferably, not 
smaller than 5 nm and not greater than 100 nm) . 

Examples of different forms of the above- 
described carbon fibers are respectively shown in Figs 
24A, 24B and 24C and Figs. 25A, 25B, 25C and 25D. 
Figs. 24A and 25A show forms visible at the level of 
an optical microscope (- 1,000 magnifications). Figs. 
24B and 2 5B are, respectively, partial enlarged views 
of portions 81 and 91 of Figs. 24A, 25A and show forms 
visible at the level of a scanning electron microscope 
(SEM) (- 30,000 magnifications). Fig. 24C and Figs. 
25C and 25D are, respectively, partial enlarged views 
of Figs. 24B and 25B (Fig. 24C is a partial enlarged 



view of a portion 82 of Fig. 24B and Figs. 25C and 25D 
are, respectively, partial enlarged views of portions 
92 and 93 of Fig. 25B, and Fig. 24C, 25C and 25D 
schematically show different forms of carbons visible 
at the level of a transmission electron microscope 
(TEM) (- 1,000,000 magnifications.) In these figures, 
reference numerals 83 and 94 denote graphenes. 

A structure in which the graphenes 83 assume a 
cylindrical form as shown in Figs. 24A to 24C is 
called "carbon nanotube". In other words, in the 
case where graphenes are disposed to surround the 
axial direction of a carbon fiber (in a cylindrical 
form), this carbon fiber is called "carbon nanotube". 
In yet other words, the carbon fiber is a carbon fiber 
having a structure in which a plurality of graphenes 
are disposed substantially in parallel with the axis 
of the carbon fiber. A nanotube made of a 
multiplicity of cylinders constituting a multiple 
structure is called "multi-wall nanotube", while a 
nanotube made of one cylinder is called "single-wall 
nanotube". Particularly in a nanotube having a 
structure opened at its tip end, the threshold 
electric field required for electron emission 
decreases to the maximum extent. 

A carbon fiber made of the stacked graphenes 94 
as shown in Figs. 25A to 25D is called "graphite 
nanofiber". More specifically, the graphite nanofiber 
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is a carbon fiber in which graphenes are stacked in 
its longitudinal direction (in the axial direction of 
the fiber) . In other words, the graphite nanofiber is 
a carbon fiber in which a plurality of graphenes 
disposed in non-parallel with the axis of the carbon 
fiber are stacked as shown in Figs. 25A to 25D. 
Typically, in the herring-bone type, the angle formed 
by the axis of the carbon fiber and each sheet of 
graphene is in the range of 30 to 90 degrees. In the 
case where graphenes have a planar shape and the c 
axis thereof extends along the axial direction of a 
carbon fiber (typically, the angle formed by the axis 
of the carbon fiber and each sheet of graphene is 90 
degrees), this structure is called "platelet". A 
structure in which graphenes are bent in a V-like 
shape and the V-like shaped graphenes are stacked in 
the axial direction of a carbon fiber (refer to Fig. 
25D) is called "her ring-bone" . In addition, a 
structure in which graphenes each having a conical 
shape (specifically, a conical shape which does not at 
le.ast have a portion corresponding to the bottom of a 
cone) are stacked in the axial direction of a carbon 
fiber is one kind of herring-bone structure. Further, 
a structure in which graphenes each having a conical 
shape in which a tip portion is omitted from the 
conical shape of the above-described graphene (a 
conical shape having neither the bottom nor the tip 
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end) are stacked in the axial direction of a carbon 
fiber (refer to Fig. 25C) is one kind of herring-bone 
structure . 

Incidentally, one sheet of graphite is called 
"graphene" or "graphene sheet''. More specifically, 
graphite is a structure in which carbon sheets each 
including regular hexagons, each of which is disposed 
adjacently to the neighboring ones and is formed by 
carbon atoms covalently bonded by sp*-hybridization, 
are stacked (ideally, stacked with a distance of 3.354 
A held between carbon sheets) . Each of such carbon 
sheets is called "graphene" or "graphene sheet". 

The above-described graphite nanofiber has an 
electron emission characteristic easy to control 
through Vmax control, compared to the carbon nanotube. 
For this reason, in a multi-electron source in which a 
multiplicity of electron-emitting devices using 
aggregates of carbon fibers are disposed, the use of 
graphite nanofibers makes it easy to adjust the 
electron emission characteristics of individual 
electron-emitting devices. Accordingly, in an image 
display apparatus as well as such a multi-electron 
source, it is far more preferable to employ aggregates 
of carbon fibers including only graphite nanofibers, 
or aggregates of carbon fibers mainly containing 
graphite nanofibers . 

A method of disposing the aggregate 14 of carbon 



fibers on the cathode electrode 13 may make use of 
known manufacturing methods. For example, the 
aggregate 14 of carbon fibers can be disposed on the 
cathode electrode 13 by the method of applying a paste 
containing carbon fiber formed previously or a 
dispersion liquid of carbon fiber formed previously to 
the cathode electrode 13, and then removing 
unnecessary components. Otherwise, a multiplicity of 
carbon fibers can be formed on the cathode electrode 
13 by the method of disposing a catalyst (preferably, 
catalyst particles) on the cathode electrode 13 and 
effecting a CVD process in an atmosphere containing a 
carbon-containing gas * 

Materials which constitute the catalyst for 
growing carbon fiber may make use of Fe, Co, Ni and Pd 
or alloys of these metals, and in terms of electron 
emission characteristics, it is particularly 
preferable to use an alloy of Pd and Co as the 
catalyst * 

Pd and Ni in particular are capable of forming 
graphite nanofiber at low temperatures (temperatures 
not lower than 400 °C) . The formation temperature of 
carbon nanotubes using Fe and Co needs to be 800°C or 
more, but the formation of graphite nanofiber 
materials using Pd and Ni is possible at such low 
temperatures and is preferable in terms of influences 
on other members and manufacturing costs* 
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In addition, by employing the characteristics of 
Pd which allow its oxides to be reduced by hydrogen at 
low temperatures (room temperature), it is possible to 
employ palladium oxide as a general nucleus formation 
material . 

If the hydrogen reduction of palladium oxide is 
performed, it is possible to form initial aggregation 
nuclei at comparatively low temperatures (not higher 
than 200 °C) without using the thermal aggregation of 
metal thin film that has heretofore been used as 
general nucleus formation techniques, nor the 
formation and evaporation of ultrafine particles* 

The above-described carbon-containing gas may 
make use of, for example, hydrogencarbon gases such as 
ethylene, methane, propane and propylene, CO or C0 2 
gases, or vapors of organic solvents such as ethanol 
and acetone . 

Through the above-described steps, the electron- 
emitting device having the aggregate 14 of carbon 
fibers can be formed. 

The variation and reproducibility of the 
electron emission characteristic due to the 
application of the above-described maximum applied 
voltage Vmax are observed more remarkably clearly in 
graphite nanofibers than in carbon nanotubes. This 
state is shown in Fig. 13. Fig. 13 is a graph 
comparatively showing the 1/Vf -log ( Ie/Vf 2 ) 
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characteristics of different electron-emitting devices 
which respectively use carbon nanotubes (CNT) and 
graphite nanofibers (GNF) as their electron-emitting 
materials. 

In the graphite nanofibers, it can be seen that 
the low-voltage region obtained after Vf ^ Vf 2 has 
been applied shifts remarkably compared to the initial 
low-voltage region. On the other hand, in the carbon 
nanotubes, the amount of shift of the electron 
emission characteristic is small compared to the 
graphite nanofibers, but a shift of the electron 
emission characteristic is effected. 

(Embodiment 3) 

In the following description of Embodiment 3 of 
the invention, reference will be made to a method of 
driving an electron source in which a multiplicity of 
electron-emitting devices each having the above- 
described type of aggregate of carbon fibers are 
arranged, and to a manufacturing method 
(characteristic adjusting method) which reduces the 
difference in electron emission characteristic between 
individual electron- emit ting devices . 

Fig. 14 shows one example of an electron source 
in which a multiplicity of electron-emitting devices 
fabricated by the above-described method are disposed 
in matrix form. Fig. 15 is a schematic cross- 
sectional view taken along line A-A' of Fig. 14. 
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The form of arrangement of electron-emitting 
devices according to the invention is not limited to 
only that shown in Fig. 14. 

In the example shown in Fig. 14, a column wiring 
161 electrically connected to the gate electrode 165 
(corresponds to the member denoted by reference 
numeral 12 in Figs. 6 and 7) of one of the electron- 
emitting devices. A row wiring 162 is electrically 
connected to a cathode electrode 163 of the electron- 
emitting device. An aggregate 164 of carbon fibers is 
electrically connected to the cathode electrode 163 of 
the electron-emitting device. As can be seen from Fig. 
15, These members 161, 163 and 164 are formed on a 
substrate 171. An anode electrode is disposed in 
opposition to the multi-electron source shown in Fig. 
14 with spacers interposed therebetween, and the 
voltage Va which is positive with respect to the 
potential of each of the cathode electrodes is applied 
to the anode electrode, (refer to Fig. 7). 

Fig. 16 is a schematic cross-sectional view 
aiding in describing the states of voltages to be 
applied during the driving of the electron source 
according to Embodiment 3 . 

As shown in Fig. 16, in this electron source, a 
desired electron-emitting device can be selectively 
driven by selecting a desired column wiring and a 
desired row wiring and applying voltages. For example, 
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a voltage of Vx = VI is applied to a selected column 
wiring, while a voltage of Vx = V2 is applied to a 
non-selected column wiring. At the same time, a 
voltage of Vy = V3 is applied to a selected row wirinc 
whereby a driving voltage of Vf = VI - V3 is applied 
to an electron-emitting, device which is connected to 
the selected row wiring and to the selected column 
wiring. In the meantime, a driving voltage of Vf = V2 
- V3 is applied to an electron-emitting device which 
is connected to the non-selected column wiring and to 
the selected row wiring. By setting the levels of the 
respective voltages VI, V2 and V3 to appropriate 
levels, it is possible to realize the state in which 
only the desired electron-emitting device is driven 
(is caused to emit electrons), whereas the other 
electron-emitting device is not driven (is inhibited 
from emitting electrons) . By using this method, it is 
possible to individually know the electron emission 
characteristics of the respective electron-emitting 
devices. In addition, in the above-described method, 
it is possible to realize so-called line-sequential 
driving by sequentially switching row wirings to be 
selected. Incidentally, in the line-sequential 
driving, it is also possible to drive a plurality of 
lines at the same time by selecting a plurality of row 
wirings at the same time. 

In an electron source formed by arranging a 



multiplicity of electron-emitting devices each using 
an aggregate of. carbon fibers as an electron-emitting 
member, as in the invention, the electron emission 
characteristics of the respective electron-emitting 
devices are not necessarily uniform. For example, 
even in the case where the same driving voltage vf is 
applied between the gate electrode 161 and the cathode 
electrode 163 of each of the electron-emitting devices, 
the amount of current emitted from each of the 
electron-emitting devices (the emission current le 
that reaches from each of the electron-emitting 
devices to the anode electrode) is not necessarily the 
same. This phenomenon seems to be caused in part by 
the fact that the aggregates of carbon fibers of the 
respective electron-emitting devices are not uniform 
in shape, and in part by the fact that there are 
errors (deviations) in the spaces between cathode 
electrodes and gate electrodes. 

Fig. 17 is a graph comparatively showing the 
respective 1/Vf-log ( Ie/Vf 2 ) characteristics of three 
electron-emitting devices (an electron-emitting device 
A, an electron-emitting device B and an electron- 
emitting device C) . For example, assuming that the 
initial characteristics of the respective devices A, B 
and C differ as shown by F-N plots in Fig. 17, the 
absolute values of the inclinations of the F-N plots 
become larger in the order of the devices A, B and C, 



whereas their electron emission thresholds become 
smaller in the same order. 

As described previously, electron-emitting 
devices which employ aggregates of carbon fibers as 
their electron emitting members have Vmax dependence. 
Accordingly, if an electron-emitting device is 
selected from the electron-emitting devices showing 
the respective electron emission characteristics shown 
in Fig. 17 and a voltage higher than the past maximum 
voltage applied to the selected electron-emitting 
device is applied to the selected electron-emitting 
device, the electron emission characteristic of the 
selected electron-emitting device shown in Fig. 17 can 
be shifted to the left. 

This fact indicates that the electron emission 
characteristic of the device A can be shifted to the 
electron emission characteristic of the device C. 
Accordingly, by using this method, in the case where 
an unallowable difference exists in electron emission 
characteristic between electron-emitting devices which 
constitute an electron source, it is possible to 
accommodate the difference in electron emission 
characteristic between the electron-emitting devices 
within a predetermined range (it is possible to reduce 
the difference in electron emission characteristic) . 
Specifically, in Fig. 17, when the device C is set to 
a device for use as a reference device, the I-V 

61 



characteristics of the devices A and B can be made 
closer to the I-V characteristic of the device C. 

A method (characteristic adjusting method) of 
reducing the difference in electron emission 
characteristic between individual electron-emitting 
devices will be described below. In the following 
description, reference will be made to a method of 
reducing the difference in electron emission 
characteristic between individual electron-emitting 
devices in the case where an electron source includes 
three electron-emitting devices (an electron-emitting 
device A, an electron-emitting device B and an 
electron-emitting device C) . More specifically, one 
example of a method of adjusting the electron emission 
characteristics of the devices A and B to the electron 
emission characteristic of the device C will be 
described below. Fig. 18 is a graph comparatively 
showing different 1 /Vf -log ( I e/Vf 2 ) characteristics for 
the purpose of describing a method of reducing the 
difference in electron emission characteristic between 
different electron-emitting devices. In the 
description of the following example, for the sake of 
simplicity of description, reference is made to an 
electron source including three electron-emitting 
devices, but as a matter of course, the number of 
electron-emitting devices which constitute an electron 
source is not limitative. 

62 



The method (characteristic adjusting method) of 
reducing the difference in electron emission 
characteristic between individual electron-emitting 
devices preferably includes a first step, a second 
step and a third step, all of which will be described 
below. However, the first and second steps need not 
be especially separate steps. 

In the first step, the step of measuring the 
characteristics of the respective devices A, B and C 
is performed in order to check what initial 
characteristics the respective devices A, B and C have. 
In this characteristic measuring step, a 
characteristic measuring voltage is applied to each of 
the electron-emitting devices A, B and C. For example, 
if the voltage being applied to each of the electron- 
emitting devices A, B and C is increased from Vf = 0 
to Vf = Vfi, it is possible to know the 
characteristics of the respective electron-emitting 
devices A, B and C. 

In the second step, a reference device is 
selected in order to reduce the characteristic 
difference in the above-described low-voltage region 
between each of the devices A, B and C. As the 
reference device, for example, an electron-emitting 
device may be selected whose voltage (threshold 
voltage) necessary to observe the start of electron 
emission is the highest among a plurality of target 
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electron-emitting devices. From among the three 
electron-emitting devices shown in Fig. 18, the device 
C is selected as an electron-emitting device which 
shows the highest threshold voltage. Otherwise, a 
reference device may also be selected by the method of 
selecting a device which shows the smallest value in 
emission current at Vf = vf 2 or in log(Ie/Vf 2 ) at Vf = 
Vfi. With this method as well, it is possible to 
select the device C from among the three electron- 
emitting devices shown in Fig. 18. Then, a reference 
value for the electron emission characteristics is 
found on the basis of the characteristic of the 
selected reference device. This step is called a 
reference value selecting step. 

Then, in the third step, a characteristic shift 
voltage is applied to the other devices (the device A 
and the device B) so that the characteristic of each 
of the devices becomes a characteristic similar to 
that of the reference device selected in the above- 
described step 2. This step is called a 
characteristic shift step. 

The maximum value of the above-described 
characteristic shift voltage is the maximum applied 
voltage Vmax of each of the devices A and B. Namely, 
the applied voltage of the device A is gradually 
increased, and as the applied voltage is increased 
above a certain voltage, the absolute value of the 
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inclination of its F-N plots decreases sharply, and 
the device A enters the above-described high-voltage 
region. After the device A has entered the high- 
voltage region, the applied voltage is increased 
little by little. Each time the applied voltage is 
increased, the applied voltage is decreased once and 
the electron emission characteristic of the device A 
in a newly formed low-voltage region is checked, 
whereby the maximum applied voltage Vmax is increased 
until the characteristic of the device A becomes a 
characteristic similar to that of the reference device 
(the device C) . 

This method is an example which is carried out 
when, from the beginning, it is unknown to what number 
the value of Vmax to be applied to the device A should 
be set so that the characteristic of the device A 
becomes a characteristic similar to that of the device 
C. This method checks the electron emission 
characteristic of the device A in the low-voltage 
region each time the voltage applied to the device A 
is increased little by little. In this manner, when 
the maximum applied voltage Vmax of the device A is 
increased to Vf = Vf 3 (refer to Fig. 18), the 
characteristic of the device A becomes a 
characteristic similar to that of the device C. As to 
the device B, the maximum applied voltage Vmax of the 
device B is increased to Vf = Vf 2 (refer to Fig. 18) 
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by the use of a similar method, whereby the 
characteristic of the device B becomes a 
characteristic similar to that of the device C. 

By using the above-described characteristic 
shift step. in this manner, the I-V characteristic of 
each of electron-emitting devices (the device A and 
the device B) which emits a relatively large number of 
electrons when a predetermined voltage is applied can 
be made closer to the I-V characteristic of an 
electron-emitting device (the device C) which emits a 
relatively small number of electrons when the 
predetermined voltage is applied. Then, after the 
characteristic shift step, the driving voltage V 
smaller than the maximum applied voltage Vmax used in 
the characteristic shift step is applied to each of 
the electron-emitting devices (between the cathode 
electrode and the counter electrode thereof), thereby 
driving each of the electron-emitting devices. In 
this manner, the desired number of electrons can be 
emitted from each of the electron-emitting devices 
with high reproducibility, whereby in an image display 
apparatus using such an electron source, it is 
possible to obtain good images with high uniformity. 

The above description has referred to the method 
of adjusting the characteristics of the electron- 
emitting devices A and B to the initial characteristic 
of the electron-emitting device C. However, there is 
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a case where the characteristic of the device C in the 
low-voltage region which has measured in the above- 
described characteristic measuring step does not 
satisfy the desired amount of emission current. In 
this case, it is preferable to apply the 
characteristic shift voltage to all the electron- 
emitting devices including th device C and increase 
the maximum applied voltages Vmax of all the devices, 
as will be described below. Specifically, first, in a 
manner similarly to the above-described method, an 
electron-emitting device which shows the highest 
threshold voltage (an electron-emitting device for use 
as a reference device) is selected from among a 
plurality of electron-emitting devices. Then, a 
voltage (a voltage in the high-voltage region) 
corresponding to the maximum applied voltage Vmax is 
applied to the selected electron-emitting device (the 
device C) , thereby shifting the characteristic of the 
selected electron-emitting device (the device C) 
(extending the low-voltage region) . This step is 
called a reference device voltage adjusting step. 
Then, after the dynamic range of the device C has been 
widened in this manner, the device C is selected as a 
reference device. Then, the electron emission 
characteristic of the device C obtained after the 
characteristic shift step is set to a reference value, 
and in a manner similar to the above-described method, 
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the characteristic of each of the other electron- 
emitting devices (the device A and the device B) is 
shifted to a characteristic similar to that of the 
device C. In the description of the following example, 
for the sake of simplicity of description, reference 
is made to an electron source including three 
electron-emitting devices, but as a matter of course, 
the number of electron-emitting devices which 
constitute an electron source is not limitative. 

This method will be described below with 
reference to Fig. 19. First, the voltage Vf applied 
to the selected device (the device C) is increased 
until the emission current reaches a value 
corresponding to the desired amount of emission 
current on the vertical axis. Namely, the voltage 
applied to the device C is increased from Vf - 0 V 
until the applied voltage reaches Vf = Vfl', whereby 
the maximum applied voltage Vmax of the selected 
device (the device C) is increased. Thus, the maximum 
applied voltage Vmax of the selected device (the 
device C) becomes Vfl' . After the characteristic of 
the device C has been shifted in this manner, the 
voltage applied to each of the devices A and B is 
increased in a manner similar to the above-described 
method so that the electron emission characteristic of 
each of the devices A and B becomes similar to the 
electron emission characteristic of the device C in 
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the low-voltage region. In this step, the maximum 
voltages Vmax applied to the respective devices except 
the device C are determined. Namely, in Fig. 19, the 
maximum applied voltage Vmax of the device A becomes 
Vf = Vf 3 , and the maximum applied voltage Vmax of the 
device B becomes Vf = vf 2 . By applying the above- 
described method to an electron source including a 
multiplicity of electron-emitting devices, each of the 
electron-emitting devices constituting the electron 
source can be made to emit the desired amount of 
current even in the case where there is not a single 
electron-emitting device which satisfies the desired 
electron emission characteristic in its initial state, 
and it is also possible to realize the state in which 
the difference in electron emission characteristic 
between each of the devices is small. 

In this manner, the desired number of electrons 
can be emitted from each of the electron-emitting 
devices with high reproducibility, whereby in an image 
display apparatus using such an electron source, it is 
possible to obtain good images with high uniformity. 

By using the above-described characteristic 
adjusting step, it is also possible to reduce the 
difference in electron emission characteristic between 
electron-emitting devices that occurs due to 
variations with time resulting from the driving of an 
electron source. 
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Fig. 20 is a graph aiding in describing a step 
of uniformizing the characteristics of electron- 
emitting devices in the case where the characteristics 
of the respective electron-emitting devices have 
varied (degraded) as the result of the driving of an 
electron source as described above. Fig. 20 is a 
graph similar to Fig. 19, in which the vertical axis 
represents 1/Vf-log (Ie/Vf 2 ) and the horizontal axis 
represents 1/Vf. m the description of the following 
example, for the sake of simplicity of description, 
reference is made to an electron source including 
three electron-emitting devices, but as a matter of 
course, the number of electron-emitting devices which 
constitute an electron source is not limitative. 

As shown in Fig. 20, if the individual electron- 
emitting devices degrade with time and a certain 
device (in this example, the device C) becomes unable 
to provide the necessary amount of emission current, 
for example, the characteristics of the respective 
devices A, B and C are measured, and voltages Vf x -, 
Vf 2 ~ and V£ 2 ~ are finally applied to the respective 
devices A, B and C. These voltages Vf^, Vf 2 « and Vf 3 ~ 
are voltages higher than any applied voltages that the 
respective devices A, B and C have experienced before 
the application of the voltages Vf r ,, vf 2 » and Vf 3 ~. By 
applying these voltages Vfi«, Vf 2 « and Vf 3 « to the 
respective devices A, B and C, it is possible to 
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reduce the difference in electron emission 
characteristic between each of the devices A, B and C. 
Thu S/ the electron source can be made to recover high 
uniformity and electron emission characteristics of 
high reproducibility. The above-described 
characteristic difference reducing method for the case 
where the difference in electron emission 
characteristic between each of the devices occurs 
during the driving thereof may also be executed at 
preset timing. Otherwise, the characteristic 
difference is periodically measured and only when the 
characteristic difference between each of the 
electron-emitting devices exceeds a predetermined 
range, the characteristic difference reducing method 
may be executed. In addition, the number of times by 
which the characteristic difference is reduced is not 
limitative . 

In the above-described method of reducing the 
difference in electron emission characteristic between 
a plurality of electron-emitting devices, it is 
possible to measure the electron emission 
characteristic of each of the electron-emitting 
devices by measuring the relationship between an 
emission current emitted from an aggregate of carbon 
fibers to a counter electrode (for example, an anode 
electrode) and a driving voltage applied at this time. 
In addition, according to another means for measuring 



the electron emission characteristic of each of the 
devices, the ratio of the emission current emitted to 
the anode electrode to a current flowing into a 
cathode electrode may be measured to know the electron 
emission characteristic of each of the electron- 
emitting devices from the relationship between a 
device current flowing into the aggregate of carbon 
fibers and the driving voltage applied between the 
cathode electrode and the counter electrode at that 
time . 

In addition, in the case where a luminescent 
material film such as a phosphor film is disposed on a 
surface of an anode electrode, it is also possible to 
make use of luminescence which occurs when electrons 
emitted from an aggregate of carbon fibers collide 
with the luminescent material. Namely, by measuring 
in advance the relationship between the emission 
current and the luminance strength of each electron- 
emitting device, it is possible know the electron 
emission characteristic of each electron-emitting 
device from the relationship between the luminescence 
strength and driving voltage. 

In addition, the above-described characteristic 
adjusting step of Embodiment 3 may also be applied to 
a construction in which the counter electrodes of a 
plurality of electron-emitting devices are formed by 
one electrode. Namely, in the case where a plurality 
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of electron-emitting devices of the type illustrated 
in Embodiment 1 or 2 are arranged, the anode electrode 
(denoted by reference numeral 95 in Fig. 2, and 
denoted by reference numeral 62 in Fig. 7) is formed 
as one continuous electrode. Accordingly, the counter 
electrodes of individual electron-emitting devices may 
also be formed by a single continuous electrode or by 
separate electrodes. In addition, even if the counter 
electrodes are formed as independent electrodes for 
the respective electron-emitting devices, the above- 
described characteristic adjusting step can be 
performed among the plurality of electron-emitting 
devices at the same time. Of course, even in the case 
where the counter electrodes of a plurality of 
electron-emitting devices are formed by a single 
continuous electrode, the above-described 
characteristic adjusting step can be performed among 
the plurality of electron-emitting devices at the same 
time. It is preferable to perform the characteristic 
adjusting step among a plurality of electron-emitting 
devices at the same time, because the time required 
for the entire manufacturing process can be reduced. 

Each of the above-described embodiments 1 and 2 
of the invention is characterized in that the voltage 
applied between the cathode electrode and the counter 
electrode during the driving of the electron-emitting 
device is set to a value which does not exceed the 
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maximum voltage (Vmax) applied between the cathode 
electrode and the counter electrode during the 
manufacture of the electron-emitting device. However, 
this driving method presupposes that no variations 
occur in the relative position between the cathode 
electrode and the counter electrode during driving nor 
in the relative position between the cathode electrode 
and the counter electrode during manufacture. As a 
matter of course, it is most preferable that the 
relative position between the cathode electrode and 
the counter electrode do not vary during driving nor 
during manufacture, but it is also possible to 
positively vary the relative position between the 
cathode electrode and the counter electrode between 
driving and manufacture. 

In this case, the electron emission 
characteristic (the above-described Vmax dependence) 
of each of the electron-emitting devices is not 
determined by only the above-described voltage. 
Accordingly, the above-described voltage can be 
replaced with a maximum applied field strength (Emax) 
before driving (typically, during manufacture) and an 
applied field strength during driving. As a matter of 
course, in the case where the relative position 
between the cathode electrode and the counter 
electrode does not vary between manufacture and 
driving, Vmax can be directly replaced with Emax. 
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For example, in the case of the electron- 
emitting device of two-terminal structure according to 
Embodiment 1, the anode electrode (counter electrode) 
95 to be used during driving is disposed on the 
substrate 96 different from the substrate 92 on which 
the cathode electrode 93 is formed. In this case, the 
maximum voltage (Vmax) to be applied during 
manufacture can also be applied between the cathode 
electrode 93 and an electrode different from the anode 
electrode 95 to be used during driving. Namely, for 
example, a metal plate whose potential is controllable 
may be disposed above the cathode electrode 93 having 
the aggregate 94 of carbon fibers so that the voltage 
(Vmax) can be applied between the cathode electrode 93 
and the metal plate. In this case, for example, the 
maximum field strength applied between the cathode 
electrode 93 and the counter electrode 95 during 
driving may be set to be lower than the field strength 
(Emax) applied between the cathode electrode 93 and 
the metal plate during manufacture. This ideal can be 
applied to the electron-emitting device of three- 
terminal structure described previously in Embodiment 
2. 

However, in the case where the electron emission 
characteristic of an electron-emitting device is 
determined by Emax, it is desired that an electric 
field (an electric field which governs electron 



emission) produced by voltage application (field 
application) before driving (typically, during 
manufacture) have an effectively similar relationship 
to an electric field which produced by voltage 
application (field application) during driving. In 
other words, it is desired that a great positional 
deviation do not occur in an aggregate of carbon 
fibers between a region in which electrons are emitted 
by voltage application before driving (typically, 
during manufacture) and a region in which electrons 
are emitted by voltage application during driving. 
Otherwise, there is a case where the reproducibility 
of the electron emission characteristic described 
above in connection with Embodiments 1 and 2 and the 
effect of the characteristic adjusting step described 
in connection with Embodiment 3 are not developed 
during driving. 

In addition, the above-described maximum applied 
field strength Emax may also be replaced with a 
maximum emission current Imax. Namely, the maximum 
applied field strength Emax may also be replaced with 
the maximum emission current Imax obtained before 
driving (typically, during manufacture) and an 
emission current obtained during driving. In the case 
of an electron-emitting device of two-terminal 
structure, the maximum emission current Imax may also 
be simply replaced with a current flowing into the 



counter electrode. On the other hand, in the case of 
a three-terminal structure, the maximum emission 
current Imax may also be replaced with a current 
flowing into the anode electrode. As a matter of 
course, in the case where the relative position 
between the cathode electrode and the counter 
electrode does not vary between manufacture and 
driving, Vmax can be directly replaced with Imax. in 
addition, by using a metal plate as described in 
connection with the maximum applied field strength 
Emax, it is possible to positively effect variations 
in the relative position between the cathode electrode 
and the counter electrode between manufacture and 
driving. 

(Examples ) 

Examples of the invention will be described 
below in detail. 
(Example 1) 

Figs. 21A to 21D are schematic cross-sectional 
views aiding in describing a process of manufacturing 
the electron-emitting device according to Example 1. 

(Step. 1) 

After the substrate 11 which was a silica 
substrate had been fully cleaned, a 5-nm-thick Ti 
layer for the gate electrode 12 and a 30-nm-thick 
poly-Si (arsenic-doped) layer for the cathode 
electrode 13 were continuously deposited on the 



substrate 11 by sputtering. 

Then, a resist pattern was formed by a 
Photolithography process using a positive photoresist 
(A21500/made by Clariant) . 

Then, the poly-Si (arsenic-doped) layer and the 
Ti layer were dry-etched using a CF< gas by using the 
patterned photoresist as a mask. The extraction 
electrode 12 serving as a counter electrode and the 
cathode electrode 13 were formed with an electrode gap 
of 5 |im interposed therebetween (Fig. 21A) . 

(Step 2) 

Then, a layer of Cr approximately 100 nm thick 
was evaporated onto the entire substrate 11 by EB 
(electron beam) evaporation. 

A resist pattern was formed by a 
photolithography process using a positive photoresist 
(AZ1500/made by Clariant) . 

Then, a region (100 um square) to be coated with 
an electron-emitting material was formed on the 
cathode electrode 13 by using the patterned 
photoresist as a mask, and Cr in its openings was 
removed with a cerium nitrate-based etching solution. 

After the resist had been removed, Pd and Co 
which were growth catalyzing metals for carbon fiber 
which was an electron-emitting material were formed in 
the ratio of 1 to 1 into an island-like shape by 
sputtering . 
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After the formation, Cr was removed with a 
cerium nitrate-based etching solution (Fig. 21B) . 
(Step 3) 

The substrate 11 was placed into a furnace, and 
after the air inside the furnace was evacuated to 10" 4 
Torr, a hydrogen gas diluted to 2% with nitrogen was 
charged up to atmospheric pressure. After that, the 
substrate 11 was exposed to heat treatment at 600°C in 
a flow of the hydrogen gas. In this step, ultrafine 
particles 52 of particle diameter approximate 10-30 nm 
were formed on a device surface. The density of 
particles at this time was estimated at approximately 
lO^-lo 12 particles/cm 2 (Fig. 21C) . 

(Step 4) 

Subsequently, in addition to the hydrogen gas, 
an ethylene gas diluted to 1% with nitrogen was 
introduced and was exposed to heat treatment at 600°C 
for 10 minutes in that atmosphere. Through 
observation with a scanning electron microscope, it 
was discovered that a multiplicity of fibrous carbons 
which had a diameter of approximately 30 nm to 50 nm 
and were extended in a bending fibrous form were 
formed on the Pd-coated region. The thickness of the 
fibrous carbons was approximately 1 fx m . 

This device was installed in the vacuum vessel 
60 shown in Fig. 7, and the inside of the vacuum 
vessel 60 was sufficiently evacuated to a pressure of 



2 x 10" 5 Pa by the evacuation unit 65. An anode 
voltage of Va = 10 kV was applied to the anode 
electrode 61 remote from the device by B — 2 mm. At 
this time, measurement was performed on the device 
current If and the electron emission current le which 
were made to flow when a pulse voltage made of the 
driving voltage Vf = 15V was applied to the device. 

The If and Ie characteristics of the device were 
similar to those shown in Fig. 8. 

Namely, as the applied voltage Vf was increased 
from 0 V, the electron emission current Ie started to 
increase sharply at Vf = Vth. Then, the applied 
voltage Vf was increased to Vf = 15 V, and was 
maintained at that voltage value. At this time, the 
electron emission current Ie of approximately 1 uA was 
measured. On the other hand, the characteristic of 
the device current If was similar to that of the 
electron emission current Ie, but the value of the 
device current If was at least one digit smaller than 
the value of the electron emission current Ie. 

The voltage applied at this time was 
monotonously increased, but a curve which was F-N 
Plotted in a voltage range of 0 V to a maximum value 
of 15 V extended through only an approximately linear 
low-voltage region and the bend of the approximately 
linear line into a high-voltage region was not 
measured in that voltage region. Accordingly, driving 

80 



effected at this time is not driving effected in the 
high-voltage region. It was also discovered that 
plots on the F-N plotted curve of the electron 
emission current le - 1 jiA at the applied voltage Vf = 
15 V were in the low-voltage region of the driving of 
the electron-emitting device. 

Then, since the voltage Vf = 15 V was the 
maximum applied voltage Vmax, the voltage driving of 
the electron-emitting device according to the 
invention was sustained at a lower voltage Vf = 14 v, 
whereby a stable emission current was obtained. In 
addition, it was found out that the electron-emitting 
device was able to be driven for a sufficiently long 
time. 

In addition, when the device was driven at a far 
lower voltage Vf of as low as approximately 10 V, a 
stable emission current was still obtained. 

(Example 2) 

In the driving of an electron-emitting device 
using carbon fiber, fabricated by a process equivalent 
to the process of manufacturing the electron-emitting 
device according to Example 1, during an initial 
driving period, the voltage applied between the 
extraction electrode 12 and the cathode electrode 13 
was monotonously increased from 0 V to 40 V, and then 
monotonously decreased. The F-N plots of the electron 
emission characteristic at this time showed an 
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approximately linear relationship in a voltage 
increasing process of up to approximately 30 V (the 
current at this time was approximately 12 \xA) . The 
anode voltage at this time was Va = 10 kV. 

However, when the applied voltage was near 30 V, 
the absolute value of the inclination of the F-N plots 
decreased sharply, and again followed an approximately 
linear relationship in a voltage increasing process of 
increasing the applied voltage to not lower than 30 V. 
From this behavior, it can be considered that the 
boundary between the initial low-voltage region and 
the high-voltage region in the electron-emitting 
device according to Example 2 is Vf = approximately 30 
V. After that, the applied voltage was increased to 
40 V, and the emission current at this time was 
approximately 16 nA. After that, the applied voltage 
was decreased to 35 V, and it was observed at this 
time that the electron emission characteristic 
followed an approximately linear relationship 
different from that during the voltage increasing 
period. The emission current at the applied voltage 
of 35 V was approximately 13 uA. 

Then, when the voltage driving of the electron- 
emitting device according to the invention was 
sustained at the voltage Vf - 35 V, a stable emission 
current was obtained, in addition, it was found out 
that actual products of the electron-emitting device 
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were able to withstand sufficiently-long-time driving 
(Example 3) 

The fabricating method for the electron-emitting 
device according to Example 3 described previously 
with reference to Figs. 3A to 3C will be described 
below in further detail. 

(Step 1) 

First, the TiN thin film 101 of thickness 100 nm 
was fabricated on the surface of the cathode substrate 
102 by ion beam sputtering (Fig. 3A) . 

(Step 2) 

Then, the catalyst particles 103 for promoting 
the growth of carbon fibers were fabricated on the TiN 
thin film 101 by RF sputtering (Fig. 3B) . The 
catalyst particles 103 were fabricated by depositing 
an alloy containing 50 atm% palladium and 50 atm% 
cobalt on the cathode substrate 102. The thickness of 
the deposited film was approximately 20 A. 

(Step 3) 

Then, the cathode substrate 102 on which the 
catalyst particles 103 were disposed was placed into a 
furnace, and the catalyst particles 103 was exposed to 
heat treatment at a temperature of 550°C while a 
diluted hydrogen gas containing 2% hydrogen and 98% 
helium was being supplied to the furnace. Thus, an 
aggregate of the catalyst particles 103 was formed on 
the cathode substrate 102. The diameters of the 
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catalyst particles 103 ranged between 5 nm and 30 nm 
(Fig. 3B) . 

(Step 4) 

Then, the cathode substrate 102 was exposed to 
heat treatment at a temperature of 550°C while a 
diluted hydrogen gas containing 2% hydrogen and 98% 
helium and a diluted ethylene gas containing 2% 
ethylene and 98% helium were being supplied to the 
furnace, whereby carbon fibers were formed. An 
aggregate of these carbon fibers had the form of a 
film, and the film thickness was approximately 7.5 um. 
The diameters of the fibers ranged between 5 nm and 30 
nm (Fig. 3C) . 

In the following description, a device which is 
constructed in such a manner that, as shown in Fig. 2, 
its anode electrode is disposed in opposition to the 
film fabricated on its electrode substrate by the 
above-described process with a spacer interposed 
therebetween is referred to as the "device A". 

A device which is constructed as shown in Fig. 2 
by using a film fabricated by a method similar to the 
above-described method is referred to as the "device 
B". The method is the same as the above-described 
method, except that the time period of heat treatment 
at a temperature of 550°C in Step 4 is changed. The 
film thickness of an aggregate of carbon fibers in the 
device B was approximately 3 um, and the diameters of 
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the carbon fibers ranged between 5 nm and 30 nm. 

Fig. 22 is a view showing the states of driving 
of the devices A and B. Let Va denote the driving 
voltage of the device A, and let Vb denote the driving 
voltage of the device B . First, the driving of the 
device B was started and the driving voltage Vb 
started to be increased from Vb M V, and an emission 
current Ieb started rising at a threshold voltage Vb = 
Vthb and the increase of the driving voltage is 
stopped at Vb = 1.37 kV. At Vb = 1.37 kV, the 
emission current Ieb = 10 was obtained. A point on 
F-N plots indicative of this driving voltage is shown 
as a point P3 in Fig. 22. This driving voltage is in 
an approximately linear region of the F-N plots, that 
is to say, a low-voltage region. The increase of the 
driving voltage Vb of the device B was stopped at this 
voltage, and was then decreased to Vb = 0 V to 
temporarily stop the driving of the device B. At this 
time, the voltage decrease drew a curve extending 
below the curve of the voltage increase and 
representing a somewhat smaller amount of current than 
the curve of the voltage increase, but the curve of 
the voltage decrease was in a range where the curve of 
the voltage decrease and the curve of the voltage 
increase were allowed to be regarded as approximately 
the same curve. 

Then, the driving of the device A was started 
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and the driving voltage Va started to be increased 
from Va = 0 V, and an emission current lea started to 
rise at a threshold voltage Va = Vtha. At this time 
Vtha < Vthb, and the threshold driving voltage value 
in the initial driving period of the device A was low 
with respect to the device B. 

When the driving voltage was increased to Vfa = 
0.78 kV, the emission current lea = 8 nA was obtained. 
A point on F-N plots indicative of this driving 
voltage is shown as a point PI in Fig. 22. The F-N 
plots of the device A at this time is in an 
approximately linear region, that is to say, the point 
PI is in a low-voltage region. The value of 3 
calculated from the curve in the low-voltage region 
containing the point PI was 9/5 times as high as the 
value of )3 calculated from the curve in the low- 
voltage region containing the point P3 on the F-N 
plots of the device B. However, regarding a, the 
value of a calculated from the curve in the low- 
voltage region containing the point PI on the F-N 
plots of the device A is 1/20 times as small as the 
value of a calculated from the curve in the low- 
voltage region containing the point P3 on the F-N 
plots of the device B. 

Then, as the driving voltage Va of the device A 
was increased, a bend of the F-N plots occurs at Va - 
0.9 kV and the absolute value of the inclination of 
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the F-N plots decreased. This fact indicates that the 
driving voltage of the device A entered the high- 
voltage region. Further, the driving voltage Va was 
increased to Va = 1.3 kV, and the emission current at 
this time was lea => 2 mA . A point on the F-N plots 
indicative of this emission current is shown as a 
point P2 in Fig. 22. 

Then, as the driving voltage Va was decreased, 
the driving voltage Va drew a curve different from the 
curve drawn during the increase, and the emission 
current decreased. This curve is approximately linear, 
and indicates that the driving voltage Va entered a 
new approximately linear region formed after the 
maximum applied voltage Vmax had been increased. This 
curves passed through the point P3 . At the point P3, 
Va - 1.37 kV and lea = 10 |aA, and these values were 
approximately equal to those obtained from the device 
B. The values of a and 3 calculated from this voltage 
decrease curve were approximately equal to those 
obtained from the electron emission characteristic of 
the device B. 

Namely, in Embodiment 3, a stable and good 
emission current was obtained when the maximum applied 
voltage Vmax (Va) between the cathode electrode and 
the counter electrode was set to 1.8 kV and the 
subsequent driving voltage was set to Va = 1.37 kV. 

Accordingly, according to Example 3, the 
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electron emission characteristics of a plurality of 
electron-emitting devices using carbon fibers which 
differ in characteristic immediately after manufacture 
can be adjusted by controlling the maximum applied 
voltage Vmax of each of the electron-emitting devices, 
whereby stable driving can be performed on each of the 
devices . 

In the case of an electron-emitting device 
having a three-terminal structure as shown in Fig. 7, 
the maximum applied voltage Vmax and the driving 
voltage V which are to be controlled may also be 
applied not to the applied voltage Vf between the 
extraction electrode and the cathode electrode but to 
the applied voltage Va between the cathode electrode 
and the anode electrode. Furthermore, it is 
preferable that, during the driving of the electron- 
emitting device, both of the applied voltages Vf and 
Va be made driving voltages smaller than the maximum 
applied voltages Vfmax and Vamax obtained in their 
respective histories. 

With the electron-emitting device and the 
electron source driving method according to the 
invention, it is possible to realize the driving of an 
electron-emitting device using carbon fibers that 
makes it possible to restrain current degradation and 
maintain stable electron emission for a long time. 
Furthermore, with the manufacturing method for the 
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multi-electron source according to the invention, it 
is possible to maintain uniform and suitable electron 
emission characteristics of the entire multi-electron 
source for a long time. 
(Example 4) 

In Example 4, an image display apparatus using 
electron-emitting devices of the three- terminal type 
fabricated in Example 1. 

In Example 4, an electron source was formed by 
disposing a plurality of electron-emitting devices in 
a matrix form as shown in Fig. 14. 

After that, a voltage which was increased from 0 
V to a measurement voltage was applied to each of the 
electron-emitting devices constituting the electron 
source, and the electron emission characteristics of 
the respective electron-emitting devices were measured 
Then, as described previously in Embodiment 3, the 
electron emission characteristic of an electron- 
emitting device showing the smallest amount of 
emission current was selected as a reference, and 
voltages exceeding the measured voltages were applied 
to the respective electron-emitting devices to reduce 
the difference between the reference and the electron 
emission characteristics of the other electron- 
emitting devices. Thus, the uniformity of the 
electron emission characteristic of each of the 
electron-emitting devices constituting the electron 
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source was improved. 

In addition, a face plate having a phosphor film 
for three primary colors and a metal back (anode 
electrode) made of Al covering the phosphor film was 
disposed above the electron source in opposition to 
each other, and the periphery of the obtained assembly 
was sealed to form a vacuum panel. A driving circuit 
was connected to this vacuum panel, and an image was 
displayed thereon. During image display, the driving 
voltage of each of the electron-emitting devices was 
set to a voltage lower than the measured voltage. 
Accordingly, it was possible to display an image of 
high uniformity with high stability. 
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